Background--Hostility is a significant predictor of mortality and cardiovascular events in patients with coronary heart disease (CHD), but the mechanisms that explain this association are not well understood. The purpose of this study was to evaluate potential mechanisms of association between hostility and adverse cardiovascular outcomes.
S
eminal work by cardiologists Friedman and Rosenman over 50 years ago showed that patients who exhibited the "Type A behavior pattern," characterized by competitiveness, excessive drive, and an enhanced sense of time urgency, had more risk factors for coronary heart disease (CHD) and were more likely to suffer from major adverse cardiovascular (CV) events than patients without the Type A behavior pattern. [1] [2] [3] [4] Subsequent research focused on anger and hostility as the aspects of the Type A behavior that were particularly cardiotoxic. [5] [6] [7] Since then, 12 prospective observational studies have demonstrated that anger and hostility are associated with an increased risk of both incident CHD and recurrent CV events. 8 Although the link between hostility and CV events has been reproducibly shown, the mechanisms that explain this association are not well understood. One possibility is that hostility may exert a cardiotoxic effect through a physiologic pathway. [9] [10] [11] Greater adrenergic responses to stressful psychological stimuli can increase blood pressure, [12] [13] [14] coronary vasoconstriction, 15 inflammation, 16 and activation of platelets. 17, 18 A triggering event, such as an outburst of anger, may increase the risk of nonfatal myocardial infarction (MI) or CHD death. 19 Another possibility is that hostility may promote poor health behaviors such as smoking, physical inactivity, and medication nonadherence, which increase the risk of CV events. [20] [21] [22] In a prospective cohort study of 1022 patients with stable CHD, we sought to evaluate the association of hostility with potential biological and behavioral factors that may increase the risk of secondary events, and to determine the extent to which each of these potential factors might explain the relation between hostility and adverse CV outcomes.
Methods
We evaluated participants from the Heart and Soul Study, a prospective cohort study that was designed to determine how psychological factors influence the outcomes of patients with stable CHD. A detailed description of the recruitment process from the Heart and Soul Study has been previously described. 23 Between 
Hostility
At baseline, we administered the 8-item "Cynical Distrust" scale (Table 1) , which was originally derived from the Cook-Medley hostility subscale of the Minnesota Multiphasic Personality Inventory 24, 25 and found to predict progression of atherosclerosis. 26 The 8-item Cynical Distrust scale has previously been validated and shown to predict CV events. Among 2125 men who completed the 8-item Cynical Distrust scale as part of the Kuopio Ischemic Heart Disease Risk Factor Study, those with scores in the top quartile had more than twice the risk of MI and CV death as compared with those who had scores in the lowest quartile. 27 In the present study, we created an imputed score for participants who did not answer all 8 questions but answered at least 75% of questions. This score was calculated by dividing the number of positive responses over the total number of questions answered.
Other Patient Characteristics
Age, sex, race, education, and medical history were determined by self-report. The presence of major depressive disorder was determined using the Computerized Diagnostic Interview Schedule for the DSM-IV (C DIS-IV). If study participants were found to have a major depressive disorder within the past month, they were instructed to discuss their symptoms with their primary care physician and were provided a list of local resources. We used the Hospital Anxiety and Depressions Scale (HADS) 28 to measure anxiety. We measured height and weight and calculated body mass index in kg/m 2 . Participants were instructed to bring their medication bottles to the study appointment, and study personnel recorded all current medications. We also measured many CV risk factors. Left ventricular ejection fraction was obtained by echocardiography using an Acuson Sequoia Ultrasound System with a 3.5-MHz transducer. Participants also completed an exercise treadmill test using the standard Bruce protocol at the baseline examination. We used the total number of metabolic equivalents tasks achieved to measure exercise capacity. We defined inducible ischemia as the presence of wall motion abnormalities at peak exercise that were not present at rest. Low-and high-density lipoprotein levels were obtained from venous blood after an overnight fast. Systolic and diastolic blood pressure were measured in the supine position after 5 minutes of rest.
Potential Biological Mediators
Biological factors measured at baseline were 24-hour heart rate variability, 24-hour urinary norepinephrine, 24-hour urinary cortisol, C-reactive protein, whole blood serotonin, and omega 3 fatty acid levels. Three-channel 24-hour ambulatory Holter electrocardiography was used to assess heart rate variability, including the natural log of very low frequency power. Twenty-four-hour urine samples were collected to measure norepinephrine and cortisol excretion. Norepinephrine was measured using gas chromatography/ mass spectrometry at the Associated Regional and University Pathologists, Inc. Cortisol was analyzed using either a radioimmunoassay or high performance liquid chromatography/tandem mass spectrometry. Whole blood serotonin levels were determined using high-pressure liquid chromatography. High-sensitivity C-reactive protein was measured using either the Roche Integra assay or the Beckman Extended Range assay. Blood levels of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) were measured by capillary gas chromatography as the percentage composition of total fatty acid methyl esters in the red blood cell membranes.
Potential Behavioral Mediators
Behavioral factors measured at baseline included smoking, alcohol, medication adherence, and physical activity. Smoking was assessed by self-report questionnaire. Alcohol use was assessed with the AUDIT-C, a validated 3-question screening questionnaire that assesses frequency and quantity. 29 Regular alcohol use was defined as a score of ≥4 (range 0 to 12), which indicates a positive screen for alcohol dependence. Medication adherence was assessed using the question, "In the past month, how often did you take your medications as the doctor prescribed?" and possible responses included: "all of the time (100%)", "nearly all of the time (%90%)", "most of the time (%75%)", "about half of the time (%50%)", and "less than half of the time (<50%)". Medication nonadherence was defined as "most of the time (%75%)" or less. 30 Physical activity was assessed by the question, "Which of the following statements best describes how physically active you have been during the last month, that is, done activities such as 15 to 20 minutes of brisk walking, swimming, general conditioning, or recreational sports?" and possible responses included: "not at all active (0 times per month)", "a little active (1 to 2 times per month)", "fairly active (3 to 4 times per month)", "quite active (1 to 2 times per week)", "very active (3 to 4 times per week)", and "extremely active (>5 times per week)". Physical inactivity was defined as not at all or a little (versus fairly, quite, very or extremely) active. 31 Single-response items assessing self-reported physical activity have previously demonstrated excellent construct validity.
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Secondary Events
The primary outcome variable (secondary events) was defined as time-to-first-MI, heart failure, stroke/transient ischemic attack (TIA), or death. Events were also analyzed separately.
Following the baseline assessment, study participants (or their proxy) were contacted annually by telephone, and were asked about hospitalization for "heart trouble". Participants were specifically asked about heart attack or MI, coronary artery bypass surgery, coronary angioplasty, angina requiring admission to a hospital, congestive heart failure requiring admission to a hospital, stroke, and other hospitalizations. For any reported event, medical records, electrocardiograms, death certificates, and coroner's reports were retrieved and reviewed by 2 independent blinded adjudicators. If the adjudicators agreed, their classification was binding. If the adjudicators disagreed, they reconsidered their classification and requested consultation from a third blinded adjudicator if needed. Heart failure was defined as hospitalization involving at least 2 of the following signs and symptoms: paroxysmal nocturnal dyspnea, orthopnea, elevated jugular venous pressure, pulmonary rales, third heart sound, and cardiomegaly or pulmonary edema on chest x-ray. MI was defined using standard criteria. 34 Stroke was defined as a new neurological deficit not known to be secondary to brain trauma, tumor, infection, or other cause. TIA was defined as a focal neurological deficit lasting >30 seconds but no longer than 24 hours, with rapid evolution of symptoms to the maximal level of deficit in <5 minutes and with subsequent complete resolution. Death was confirmed by death certificates and coroner's reports.
Statistical Analyses
The goal of this study was to evaluate the mechanisms of association between hostility and secondary events in patients with stable CHD by measuring the extent to which adjustment for potential biological and behavioral factors attenuated the strength of association. Baseline characteristics were compared across hostility quartiles using 1-way analysis of variance (ANOVA) for continuous variables and chi square test for dichotomous variables. The association of hostility with secondary events was estimated using Cox proportional hazard models, with hostility entered both as a continuous variable (per standard deviation increase) and as a categorical variable (quartiles). Covariates considered in this analysis included demographic variables, comorbid conditions, CV risk factors, and potential behavioral and biological factors. We tested the proportional hazard assumption with our multivariate models and found no evidence of contradiction.
The role of each covariate in the association between hostility and secondary events was assessed using a 3-step framework for formal mediation analysis. 35 The 3 steps were:
(1) assess if hostility is associated with secondary events; (2) assess if hostility is associated with the potential mediator; (3) assess if the strength of the association between hostility and secondary events was attenuated after adjusting for the covariate. For step 3, we determined the extent to which each covariate changed the strength of association between hostility and secondary events. The percentage change in the effect size (age-adjusted log hazard ratio [HR]) for hostility (quartile IV versus I) was calculated after adjustment for each covariate. If the change in effect size was >5%, the covariate was considered a potential confounder or mediator and included in subsequent multivariable analyses. To confirm these results, we also estimated the strength of mediation using the Sobel-Goodman test. 36 The presence of major depression did not meet our a priori definition for potential mediation; however, we included this covariate in multivariate analyses because we thought it would more accurately assess whether the association between hostility and secondary events was independent of depression. We used Wald tests to check for interactions of hostility with age, sex, and race in age-adjusted and multivariable-adjusted models. All analyses were performed using SAS version 9.0 (SAS Institute Inc) and STATA version 12.0 (StataCorp).
Results
A total of 1022 predominately male participants were followed for an average of 7.4AE2.7 years. The distribution of hostility scores is shown in Figure 1 . As compared to participants with low hostility scores, those with high hostility scores were younger, less likely to be white, and less likely to have graduated from high school ( Table 2 ). They were also more likely to have hypertension, diabetes, anxiety symptoms, and depressive symptoms. Notably, participants with high hostility scores had increased levels of both norepinephrine (P=0.02) and C-reactive protein (P=0.008) compared to those with low hostility scores. They were also more likely to smoke, less likely to take medications as prescribed, less physically active, and had a reduced exercised capacity (all P values <0.001).
A total of 490 participants experienced 1 or more secondary events in 6581 person-years of follow-up. Overall, the age-adjusted annual rate of CV events or death was 9.5% among patients who had hostility scores in the highest quartile and 5.7% in those with hostility scores in the lowest quartile ( Figure 2 ). As compared with participants in the lowest quartile, those with hostility scores in the highest quartile had a 49% greater risk of CV events (age-adjusted HR: 1.49, 95% confidence interval [CI]: 1.07 to 2.09) and a 50% greater risk of death (HR 1.50, 95% CI, 1.12 to 2.00) ( Table 3) . No statistically significant association was detected between hostility quartiles and heart failure (HR Several variables met the criteria for potential confounding or mediation (changed the effect size for hostility by 5% or more). These variables included (in descending order of magnitude) physical inactivity, diabetes mellitus, current smoking, log C-reactive protein, white race, current antidepressant use, history of congestive heart failure, and left ventricular ejection fraction ( Figure 3 , Table S1 ). Notable variables that did not meet the criterion for confounding or mediation included male sex, history of MI, lipid levels, and norepinephrine excretion. We also analyzed each potential biological and behavioral mediator with the Sobel-Goodman test for mediation. The test confirmed that log C-reactive protein, current smoking, and physical inactivity each explained >10% of the effect for the association between hostility and recurrent events (all P values <0.15).
After adjustment for demographics, comorbid conditions, CV risk factors, and antidepressant use, those with hostility scores in the highest quartile had a 58% greater rate of secondary events than those in the lowest quartile (HR: 1.58, 95% CI: 1.19 to 2.09; P=0.001) (Table 4) , and each standard deviation increase in hostility remained associated with a 18% greater risk of secondary events (HR: 1.18, 95% CI: 1.07 to 1.30; P=0.001) ( Table 5 ). This association was slightly attenuated after adjustment for potential biological mediators and further adjustment for behavioral factors (smoking and physical inactivity) attenuated the association between 
Discussion
In a prospective cohort of over 1000 outpatients with preexisting CHD, we found that individuals with baseline hostility scores in the highest quartile had a 50% greater risk of mortality, and a 49% greater risk of CV events (MI, heart failure, stroke or TIA) than those with hostility scores in the lowest quartile. Adjustment for potential biological factors somewhat attenuated the association between hostility and recurrent CV events. However, the association was no longer significant after adjustment for behavioral factors (physical activity and current smoking). These findings suggest that the association between hostility and recurrent CV events may be largely attributable to poor health behaviors. Previous studies have suggested that poor health behaviors may contribute to the association between hostility and secondary events in patients with stable CHD. 8, 27 Everson and colleagues 27 examined the association between cynical hostility and risk of mortality and incident MI in 2125 male subjects between 42 and 60 years of age and concluded that 
Participants with current depression as ascertained by the Computerized Diagnostic Interview Schedule for the DSM-IV (C DIS-IV). ‡
Anxiety was measured using the Hospital Anxiety and Depression Scale (HADS-A). §
Serotonin measured only among those who were not currently taking selective serotonin reuptake inhibitors (SSRIs). Figure 2 . Age-adjusted annual rate of secondary events by hostility quartile. Quartile I (lightest shade of blue) represents the lowest self-reported cynical hostility scores, with each sequential quartile increasing in hostility severity. Increasing hostility was significantly associated with "All-cause mortality" and "Any event", a composite of stroke/transient ischemic event, myocardial infarction, heart failure, and death. TIA indicates transient ischemic attack.
the association between hostility and increased risk of death and incident MI were mediated primarily through behavioral risk factors. However, this study and others have not simultaneously adjusted for depression, which is highly correlated with hostility [37] [38] [39] and whose association with secondary events is likewise mediated by health behaviors. 31, 40, 41 Our study adds to this literature by demonstrating that health behaviors mediate the association of hostility and secondary events independent of depression. In addition, our findings expand upon prior work by also examining potential biological factors (heart rate variability, norepinephrine, cortisol, C-reactive protein, omega 3 fatty acids, and serotonin). We found biological factors accounted for much less of this association than health behaviors. Although patients with hostility had higher levels of norepinephrine and C-reactive protein, adjusting for these factors only minimally reduced the strength of association between hostility and adverse events. These findings suggest that the association of hostility with potential biological factors, such as C-reactive protein and norepinephrine, may also be mediated by health behaviors. A quantitative analysis by Bunde and Suls 42 in 2006 examined the relationship between the Cook-Medley hostility scale and traditional CHD risk factors, including smoking and physical activity. Although their findings were limited by a lack of prospective evidence, they conclude that baseline hostility is significantly associated with smoking but not physical activity in cross-sectional studies. However, the variability of measurement of physical activity was significant across studies. Interestingly, hostility was found to be associated with surrogates of physical activity, including body mass index and waist-to-hip ratio.
Another reason why biological factors may have contributed less than health behaviors to the association between hostility and secondary events is that hostility may exert other cardiotoxic physiologic effects that were not measured in this study. It has been suggested that acute anger outbursts may lead to hemodynamic stresses that can result in coronary occlusion and MI in the presence of vulnerable atherosclerotic plaque. 19, [43] [44] [45] Thus, an acute trigger event may predispose hostile patients to myocardial ischemia and ventricular arrhythmias. However, recent evidence casts doubt about autonomic nervous system dysregulation as a contributing (quartile IV vs I) and secondary events after adjustment for potential confounders and mediators. The change in effect size is expressed as the percent change of the age-adjusted log hazard ratio (b-coefficient). Covariates that changed the effect size for hostility by <5% included: male sex, high school graduate, body mass index, hypertension, history of myocardial infarction, history of stroke/ transient ischemic attack, history of revascularization, current depression (C DIS-IV), low-density lipoprotein, aspirin use, b-blocker use, ACE/ARB use, statin use, heart rate variability, serotonin levels (among non-SSRI users), cortisol levels, norepinephrine levels, omega-3 fatty acid levels, alcohol use (AUDIT-C score), and medication nonadherence. ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; C DSI-IV, Computerized Diagnostic Interview Schedule for the DSM-IV; SSRI, selective serotonin reuptake inhibitors.
mechanism underlying the hostility-CHD relationship. Sloan et al 46 randomized participants to 12 weeks of cognitive behavior therapy or a wait-list control and found that a reduction in hostility was not accompanied by a significant change in heart rate variability. Consistent with this negative finding, we found that 24-hour norepinephrine excretion (an indicator of sympathetic activity over time 47, 48 ) is associated with hostility but does not explain the association between hostility and secondary events. We also found that the effect of hostility on secondary events did not differ by age, sex, or race. In contrast, Boyle et al 49 reported that hostility was significantly associated with an increased risk of total mortality in younger but not older patients suspected for coronary artery disease. They proposed that older patients represent a hardy group not vulnerable to the negative effects of hostility. One possible explanation for the difference between Boyle's results and ours is that Boyle et al used a 39-item hostility scale that included questions regarding cynicism, hostile attributions, hostile affect, and aggressive responding, whereas ours only included questions about cynicism. Perhaps age has a stronger interaction with these other components of hostility. Several potential limitations must be considered when interpreting our results. First, the study population was predominately older men with preexisting stable CHD. Therefore, these findings may not be generalizable to women, younger healthy populations, or populations with recent CV Model 1=adjusted for age. Model 2=adjusted for age, sex, race, diabetes mellitus, congestive heart failure, antidepressant use, anxiety (HADS-A), depression (C DIS-IV), and LVEF. Model 3=adjusted for all variables in Model 2 plus log C-reactive protein (this was the only biological mediator that resulted in a >5% change in the effect size for hostility). Model 4=adjusted for all variables in Model 2 plus current smoking and physical inactivity. Model 5=adjusted for all variables in Model 2 plus log C-reactive protein, current smoking, and physical inactivity. events. Second, CV risk factors and potential covariates were measured at the same time as hostility, a single time point, so it was difficult to assess whether certain covariates were mediators or confounders. Regardless of the causal direction, hostility was found to be a strong predictor of secondary events in this cohort and poor health behaviors accounted for a large percentage of this association. Similarly, hostility was also measured at baseline only and therefore it is impossible to know if hostility levels changed over the course of the study period. We believe it is unlikely that hostility levels changed significantly because the Cook-Medley scale has a strong test-retest reliability over multiple years. 6 ,50 However, we cannot exclude the possibility that hostility acted as a marker of disease severity, which was responsible for the observed increased risk of secondary events. Third, this study measured cynical hostility and therefore these results may not be observed in other constructs of hostility. Hostility as measured by the Cook-Medley subscale of the Minnesota Multiphasic Personality Inventory (from which the Cynical Distrust scale was derived) is not identical to the free-floating hostility that was originally described in the literature on Type A. However, the Cynical Distrust scale clearly represents a psychosocial factor that increases risk for CV events. Another study found that the global Cook-Medley hostility scale and Cynical Distrust subscale were similarly predictive of CV events. 51 Fourth, our finding that hostility was not significantly associated with the individual outcomes of heart failure, MI, or stroke/TIA may be because of inadequate power. However, Everson et al 27 found a strong association (HR: 2.18, 95% CI: 1.01 to 4.70) between hostility and incident MI in a comparable population size of 1599 men and follow-up time of 10 years with only 60 total events. Fifth, this study used a self-reported measure of hostility, which requires self-awareness and may therefore be susceptible to bias. A recent study by Newman et al 52 concluded that observed hostility is a superior predictor of incident CV events compared with self-reported measures. However, we believe use of a self--reported measure of hostility would only mask a stronger association between hostility and recurrent CV events.
Conclusions
In summary, we found that hostility was associated with the combined outcome of mortality or CV events in a population with stable CHD. The association was primarily attenuated by poor health behaviors. The specific health behaviors identified as moderating this association were smoking and physical inactivity. Future studies should examine the temporal relationship between hostility and CHD risk factors, including poor health behaviors, and should explore the extent by which behavioral and psychosocial interventions may improve CV outcomes in hostile patients.
